Cilia are necessary for normal tissue development and homeostasis and are generally present during interphase, but not in mitosis. The precise mechanism of premitotic ciliary loss has been controversial, with data supporting either sequential disassembly through the transition zone or, alternatively, a severing event at the base of the cilia. Here we show by live cell imaging and immunofluoresence microscopy that resorbing flagella of Chlamydomonas leave remnants associated with the mother cell wall. We postulated that the remnants are the product of severing of doublet microtubules between the basal bodies and the flagellar transition zone, thereby freeing the centrioles to participate in spindle organization. We show via TEM that flagellar remnants are indeed flagellar transition zones encased in vesicles derived from the flagellar membrane. This transition zone vesicle can be lodged within the cell wall or it can be expelled into the environment. This process is observable in Chlamydomonas, first because the released flagellar remnants can remain associated with the cell by virtue of attachments to the cell wall, and second because the Chlamydomonas transition zone is particularly rich with electron-dense structure. However, release of basal bodies for spindle-associated function is likely to be conserved among the eukaryotes. Key Words: flagellar transition zone, live cell imaging, electron microscopy, katanin, basal bodies Introduction E ukaryotic cilia/flagella (the terms are interchangeable) are composed of four distinct structural regions. Within the cytoplasm of the cell is the basal body, which is anchored to the plasma membrane via transitional fibers [O'Toole et al., 2003] . Microtubules of the basal body are continuous with the transition zone (TZ) and ciliary microtubules, which extend typically 5-15 lm out from the cell, and along with the ciliary membrane, form the cilium proper. At the distal end of the cilium is a cap structure that bears attachments to the ciliary membrane and is the major site of ciliary subunit addition and subtraction [Dentler and Rosenbaum, 1977; Johnson and Rosenbaum, 1992] . The TZ region is the site of several important activities [reviewed in Pazour and Bloodgood, 2008] : in addition to anchoring the cilium at the surface of the cell through Y fibers that connect with the base of the ciliary membrane, it is the region where the triplet microtubules of the basal body become doublet microtubules of the cilium proper; it forms a putative flagellar pore complex that regulates the traffic of proteins into and out of the cilium; and it forms a diffusion barrier that prevents mixing of flagellar and cell body membrane components. In addition, the distal end of the TZ is where the central pair microtubules of motile cilia are nucleated. This distal region of the TZ is also the site of severing during deflagellation, the stress-induced event that is the quickest mode of ciliary loss [Quarmby, 2009] .
Introduction
E ukaryotic cilia/flagella (the terms are interchangeable) are composed of four distinct structural regions. Within the cytoplasm of the cell is the basal body, which is anchored to the plasma membrane via transitional fibers [O'Toole et al., 2003] . Microtubules of the basal body are continuous with the transition zone (TZ) and ciliary microtubules, which extend typically 5-15 lm out from the cell, and along with the ciliary membrane, form the cilium proper. At the distal end of the cilium is a cap structure that bears attachments to the ciliary membrane and is the major site of ciliary subunit addition and subtraction [Dentler and Rosenbaum, 1977; Johnson and Rosenbaum, 1992] . The TZ region is the site of several important activities [reviewed in Pazour and Bloodgood, 2008] : in addition to anchoring the cilium at the surface of the cell through Y fibers that connect with the base of the ciliary membrane, it is the region where the triplet microtubules of the basal body become doublet microtubules of the cilium proper; it forms a putative flagellar pore complex that regulates the traffic of proteins into and out of the cilium; and it forms a diffusion barrier that prevents mixing of flagellar and cell body membrane components. In addition, the distal end of the TZ is where the central pair microtubules of motile cilia are nucleated. This distal region of the TZ is also the site of severing during deflagellation, the stress-induced event that is the quickest mode of ciliary loss [Quarmby, 2009] .
We have previously proposed that deflagellation is mediated by the microtubule-severing ATPase, katanin p60, but genetic evidence has been lacking [Lohret et al., 1998 [Lohret et al., , 1999 . Using an RNAi knock-down approach, we recently showed that in wild-type (flagellated) Chlamydomonas cells, reduction of the levels of katanin is lethal [Rasi et al., 2009] . In contrast, we observed that katanin levels can be efficiently reduced in mutant backgrounds that lack flagella, implying that katanin plays an essential function that is abrogated in cells lacking cilia [Rasi et al., 2009] . One possible explanation is that katanin serves to release basal bodies from their transition zones, thus freeing them to migrate and facilitate proper placement of the spindle poles.
In this report, TEM images reveal structures encased in vesicles and embedded in postmitotic mother cell walls. These images are consistent with the predicted TZs encased in membrane derived from the flagella. This transition zone vesicle often remains lodged within the cell wall, but occasionally it may be expelled into the environment, as we show by live cell imaging.
Materials and Methods
Chlamydomonas strains were obtained from the Chlamydomonas Genetics Center. Wild-type Chlamydomonas 137c mt(À) (CC-124) was used for all EM experiments, pf6 mutant cells (CC-1029) were used for live cell imaging experiments. Cells were maintained on Tris-acetate-phosphate (TAP) medium with 1.5% agar [Harris, 1989] .
For immunofluorescence microscopy (IFM) experiments, cultures enriched for dividing cells were obtained by transferring cells growing asynchronously in TAP liquid cultures to liquid minimal medium (MI) [Harris, 1989] for 24 h in the dark. Cells were then resuspended in fresh TAP in bright light for $12 h, then returned to MI in the dark to induce division and assayed by phase-contrast microscopy for the presence of an abundance of large cells suggestive of imminent division.
IFM was performed as described previously [Rasi et al., 2009] . For EM, synchronous cultures were fixed by adding an equal volume of 5% glutaraldehyde in MI medium. The cells were shipped overnight (from Burnaby to New Haven) and processed the following day by fixing 30 min at RT in 2.5% glutaraldehyde in MI with 0.1% tannic acid, postfixed in 1% osmium tetroxide in 100 mM cacadylate buffer pH 7.2 for 1 h at 4 C, and stained en bloc with 1% uranyl acetate. The fixed cells were sedimented and embedded in 1% agarose, dehydrated, and embedded in Epon resin. Sections were viewed with a JEOL 1230 electron microscope and images were collected with an Orca HR digital camera (Hamamatsu). Micrographs were rotated, cropped, and their brightness and contrast were adjusted in Photoshop (Adobe).
For live cell imaging, cultures enriched for dividing cells were obtained by transferring cells growing asynchronously in TAP liquid cultures to liquid MI [Harris, 1989] for 24 h in the dark. Cells were then resuspended in fresh TAP in bright light for 6 h, then embedded in 0.5% low melting point agarose in MI and imaged in the dark on a Delta Vision system (Applied Precision, Issaquah WA). Images were captured once every minute for 6 h. Flagellar length was measured in 5-minute intervals using SoftWorx software (Applied Precision). Only cells with flagella longer than 4 lm at the start of imaging were included in our analyses.
Results
In the Chlamydomonas cell cycle, a haploid vegetative cell grows until it passes a commitment point, then some time later divides N times to produce 2 N daughter cells (N is typically 1-4 [Umen and Goodenough, 2001] ). The parental cell is surrounded by a cell wall with two tunnels at the anterior end through which the flagella pass into the surrounding medium. Prior to the first division the flagella resorb, though details of how this occurs are sketchy, and the cell rotates within the cell wall. The progeny cells remain encased in the cell wall of the parental cell (the ''mother cell wall'') until they assemble flagella of their own, become motile and ''hatch".
To more carefully examine the resorption of flagella prior to division, live cells were imaged with time-lapsed photomicroscopy as they approached and completed mitosis. Imaging was facilitated by using a mutant with immotile flagella (pf6). To enrich for cells entering cell division, cells were held in the dark in minimal medium, then released to light in rich medium. Cells were observed over the next 6 hours and when a substantial fraction of the population of cells were greater than $9 lm in diameter, live cells were imaged as described in materials and methods.
Using this technique, we captured video sequences of 21 cells that remained in focus through flagellar resorption and cell division (see Supporting Information Movie for an example) allowing us to describe this process quantitatively. Comparing the lengths of the two flagella on a given cell revealed that the initiation and rate of resorption of the pair was tightly coupled (Fig. 1A) . As is commonly observed for paralyzed mutants, the pf6 flagella are generally shorter than those of wild-type, and we did not observe any flagella greater than 10 lm in length. It is important to note that most of the cells in these samples were entering the division cycle and we cannot know a priori which ones had already begun to resorb their flagella. For this reason, we used the onset of cytoplasmic rotation as our time anchor (Fig. 1B) . This period was generally 10-20 min in the cells captured on video, though one was much longer (45 min) and two were not seen to rotate. We observed an average rate of resorption of 0.17 lm/min in the final 20 min of resorption where the flagellar length decreased in a linear fashion (N ¼ 9 cells from three independent experiments, using only one flagellum per cell; standard deviation of 0.05; range 0.09 to 0.26). We note that although there is variability in previously reported resorption rates, our data supports the conclusion that premitotic flagellar resorption is substantially faster than flagellar resorption induced by NaPP i or by a shift to the restrictive temperature of the fla10-1 anterograde intraflagellar transport (IFT) mutant [see for example : Marshall et al., 2005; Pan and Snell, 2005] .
Although we and others have documented flagella of various lengths (presumably partially resorbed) detached from the basal bodies yet still adhering to cells during division, in all 21 cells observed here, the flagella resorbed completely, leaving only a small round spot visible, typically associated with the mother cell wall in a position consistent with the flagellar tunnels ( Fig. 2A) . In 2 of the 21 cells recorded by live cell imaging, the cell appeared to eject a small particle from cell wall tunnel and these particles were lost to the surrounding media (e.g. Fig. 2B ). We speculate that these spots were remnants of the resorbed flagella, which were lodged in the flagellar tunnel in the cell wall, and were dislodged by the rotation of the protoplast. If these, and the small spots seen associated with the mother cell wall of most cells entering mitosis, are in fact small vesicular remnants of the n 426 resorbed flagella, they may be generated by severing from the basal body and may contain residual microtubules or tubulin. Consistent with this hypothesis, we previously reported pairs of ''dots'' observed by antiacetylated tubulin IFM in locations consistent with the flagellar tunnels of the mother cell wall [Rasi et al., 2009] and proposed that these were isolated TZs.
To determine whether these dots were indeed shed TZs, we grew cultures enriched for dividing cells and processed duplicate aliquots for IFM and TEM. Taken together with our earlier published observations [Rasi et al., 2009] we have observed greater than 300 unhatched daughter clusters by IFM. In 80% of these, the antiacetylated tubulin antibody recognized two small dots near unhatched daughter cells, in a position consistent with the flagellar tunnels of the mother cell wall (for example see Fig. 3A , arrows). The remaining 20% of cells scored were clearly in mitosis as determined by phospho-histone H3 and/or spindle staining, but didn't have paired remnant spots (single spots were not scored because in the absence of a pair the identity of a single spot becomes ambiguous). We do not know why 20% of the cells lacked visible pairs of spots; it is likely that in some if not all cases, one or both of the remnants were expelled from the wall, as observed in some of our videos (data not shown). Though the tunnels in the cell wall were only occasionally seen in TEM section, these often contained small vesicles that enveloped electron dense material with characteristics of a TZ (Figs. 3B-3G ). In none of these cases were microtubules still evident, but in longitudinal section the central part of the ''H'' of the TZ was clearly visible (Figs. 3C-3E ) and in some cases (e.g., Fig. 3E ) the vesicle appeared to include little more than the central hub of the TZ. In cross section the central circle of the TZ could be seen (Figs. 3F and 3G ) and even though the microtubule doublets were no longer present the ninefold symmetry sometimes was detectable (Fig.  3F) as were links between the central hub and the surrounding membrane (Fig. 3G) .
Discussion
Due to the small size of the basal body and attached transition zone, and the transient nature of flagellar resorption, the exact sequence of events late in flagellar resorption in Chlamydomonas has been controversial. Johnson and Porter [1968] observed by TEM, flagella attached to transition zones, but severed from basal bodies, in agreement with our previous IFM observations and with the TEM images presented here. Cavalier-Smith [1974] and Gaffal [1988] , however, made observations that led to the widely held interpretation that flagella are sequentially disassembled via resorption, starting at the distal end and proceeding proximally until the entire flagellum and transition zone are gone, and the basal bodies are free of flagellar microtubules. Subtle differences in strains, culture conditions, or fixation may be contributing to these conflicting observations, but the greatest limitation of all three studies with respect to this issue is that very few dividing cells were observed. To resolve this question, we enriched for dividing cells, which enabled us to observe hundreds of cells by immunofluorescent microscopy in addition to numerous by TEM and 21 by live cell video microscopy. Consequently, our data is less sensitive to rare events.
We and others have documented flagellar remnants that were microns long still attached to dividing Chlamydomonas though, as we now appreciate, they were no longer attached to the basal bodies. This observation demonstrated that severing the flagella can occur before resorption is complete. Rare TEM images also supported this idea and suggested that premitotic severing occurred between the basal body and the TZ [Johnson and Porter, 1968] . For this to be true there must be two sites where the axoneme can be severed: just distal to the TZ, as occurs during pH-induced autotomy [Quarmby, 2009] ; and, between the basal body and the TZ [Rasi et al., 2009] . The appearance of remnants in dividing cells of the fa2 flagellar autotomy mutant indicate that two different molecular machineries are involved the two different sites of severing, but it is likely that they share components [Parker and Quarmby, 2003] . A requirement for the microtubule-severing ATPase, katanin in severing proximal to the TZ may be the reason a knockdown of the 60 kD subunit of katanin is lethal in flagellated cells [Rasi et al., 2009] .
Even though severing of partially resorbed flagella from the basal bodies before division has been documented [Piasecki et al., 2008; Rasi et al., 2009 ], this relatively rare event was not observed in the experiments reported here. All of the cells captured on video fully resorbed their flagella before division. The cell must send two different signals to its flagella prior to cell division; one to resorb, possibly so that the axonemal tubulin can be reutilized during mitosis; and a second to abscise, perhaps to free the basal body to perform other roles in mitosis and cell division. We hypothesize that the signal to resorb is given long enough before abscission that normally the flagella resorb fully before severing of the TZ. Occasionally, resorption may not begin early enough and severing occurs before resorption is complete to rid the cell of its flagella before division starts. This may explain the perplexing images presented in earlier works [Piasecki et al., 2008; Rasi et al., 2009] .
The most generally cited speculation for why flagella are lost before mitosis is to free the basal bodies to participate as centrioles in organizing the spindle. Ciliary loss is common and is consistently observed when the presence of cilia would otherwise restrict the plane of division, for example, in highly organized tissues. It should be emphasized that we do not fully understand the roles of the Chlamydomonas basal bodies during mitosis and cytokinesis. However, it is likely that migration and positioning of the basal bodies is critical for one or both of these processes and thus, in this cell, it is likely that the cell wall necessitates flagellar loss and release of the basal body. Because the flagella exit the cell through two tunnels in the cell wall, the basal bodies cannot separate and the cell can not rotate while the flagella are in place.
We propose that the TZ vesicle is abandoned by the cell because the transition zone and its associated fibers and plasma membrane and cell wall connections are not easily disassembled for the recycling of component molecules, as happens with components of the flagellum proper [Lefebvre et al. 1978] . Consistent with this idea, we observed several TZ vesicles which retained visible connections with the surrounding membrane. This model is conceptually similar to how the microtubules of cytokinetic midbodies are not recycled, but rather (topologically) cast outside the cytoplasm [Mullins and McIntosh, 1982] . Intriguingly, Rab11 is implicated in both formation of both midbodies [Wilson et al. 2005] and cilia [Mazelova et al., 2009] , leading us to propose that the abscission events of premitotic cilia loss and cytokinesis may have common components.
Understanding the mechanism of premitotic flagellar resorption gives some insight into flagellar regrowth under different circumstances. Postdeflagellation, the transition zone remains in the cell and the basal bodies remain docked to the membrane; thus the cell can quickly regrow new flagella [Rosenbaum and Child, 1967] . During experimentally induced resorption, for example using a medium low in calcium and high in monovalent cations, flagella shorten via an unknown mechanism, but do not fully disappear (data not shown). Thus, the basal bodies and transition zones are not likely to be extensively modified by the induction of resorption, explaining the rapid regrowth of flagella when these cells are returned to normal medium (data not shown). In contrast to regrowth after deflagellation or induced resorption, assembly of a new flagellum postmitosis requires apical positioning of the basal bodies as well as assembly of a TZ.
Some Chlamydomonas mutants with defects in flagellar assembly (the fla mutants) deflagellate precociously: they tend to deflagellate in the absence of the stress stimuli that are normally used to induce deflagellation [Parker and Quarmby, 2003] . At the time, these data suggested to us that there was a relationship between flagellar resorption and the severing of axonemal microtubules. The new data presented here provides direct evidence that in Chlamydomonas, normal premitotic flagellar disassembly involves a microtubule-severing event between a basal body and its flagellar transition zone. However, the relationship between this event and deflagellation remains enigmatic. Release of basal bodies by severing from TZs has been observed in another green alga, Chlorogonium [Hoops and Witman 1985] . In the case of Chlorogonium, the TZ and flagella remain attached to the cell and functional while the basal bodies migrate and serve as spindle pole foci. Although the retention of functional flagella makes the Chlorogonium situation unusual, it does reflect the common theme of premitotic release of basal bodies from the TZ. We expect that a similar severing event occurs in all cells that bear complex TZs, and may occur in others as well.
Conclusions
Here we provide evidence that premitotic flagellar resorption in Chlamydomonas involves microtubule severing between the flagellar TZ and the basal bodies, and that the TZ is not itself resorbed or otherwise recycled, as is the majority of the axoneme. It is not yet known whether a similar severing event is required to release the basal bodies of other ciliated cells that divide, such as mammalian cells bearing primary cilia. Although all cilia have a TZ that mediates attachment to the ciliary membrane, not all contain TZs that are as structurally elaborate as those in Chlamydomonas [Sanders and Salisbury, 1989; O'Toole et al., 2003] . Thus, it is not clear whether all will require a severing event to release the basal bodies prior to mitosis or whether some of the simpler transition zones might be amenable to disassembly akin the resorption of the cilium proper.
